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Abstract. The aim of this article is to introduce the operation principles of conductometric solid-state
dosimeter-type gas sensors, which have found increased attention in the past few years, and to give a literature
overview on promising materials for this purpose. Contrary to common gas sensors, gas dosimeters are suitable
for directly detecting the dose (also called amount or cumulated or integrated exposure of analyte gases) rather
than the actual analyte concentration. Therefore, gas dosimeters are especially suited for low level applications
with the main interest on mean values. The applied materials are able to change their electrical properties
by selective accumulation of analyte molecules in the sensitive layer. The accumulating or dosimeter-type
sensing principle is a promising method for reliable, fast, and long-term detection of low analyte levels. In
contrast to common gas sensors, few devices relying on the accumulation principle are described in the lit-
erature. Most of the dosimeter-type devices are optical, mass sensitive (quartz microbalance/QMB, surface
acoustic wave/SAW), or ﬁeld-eﬀect transistors. The prevalent focus of this article is, however, on solid-state
gas dosimeters that allow a direct readout by measuring the conductance or the impedance, which are both
based on materials that change (selectively in ideal materials) their conductivity or dielectric properties with
gas loading. This overview also includes diﬀerent operation modes for the accumulative sensing principle and
its unique features.
1 Introduction
In times of strict environmental requirements and an increas-
ing demand for mobility and energy, a growing need for
reliable, low concentration level gas-sensing devices comes
along. Especially the detection of toxic, harmful gases, like
SO2, NO and/or NO2 (= NOx), H2S, CO, or NH3, which can
aﬀect human health, particularly in workplaces and urban en-
vironments, are important target gases for gas sensors. Inex-
pensive sensor devices based on semiconducting metal ox-
ides manufactured in ceramic technology or in thin- or thick-
ﬁlm technology are installed in annual quantities of mil-
lions (Yamazoe, 2005). The measurand is the conductance
of metal oxides, as it depends on the analyte concentration.
For information on the physical background of such sen-
sors, the reader is referred to reviews in the literature (Göpel,
1994; Williams, 1999; Kohl, 2001; Yamazoe et al., 2003;
Barsan et al., 2007). Semiconducting solid-state gas sensors
can be miniaturized and operated with low power consump-
tion (Simon et al., 2001; Semancik et al., 2001). However,
most sensors show poor selectivity, nonlinear characteristics
(Williams, 1999; Yamazoe et al., 2003), and according to
Padilla et al. (2010), the main drawback is their lack of sta-
bility over time, leading to recalibration costs. Another issue
is that increased sensitivity is often accompanied by a slow
sensor kinetic. Even if the response time is fast enough for
special applications, in many cases the recovery time is not.
This does not really jeopardize low-cost applications for de-
tecting dangerous conditions or alarm concentration levels.
If, however, maximum allowable concentrations in emission
or immission regulations are given in time-weighted aver-
age concentrations or cumulated amounts, like the immission
standards for air quality monitoring as annual or hourly mean
values, a mathematical integration of the linearized sensor
signal is error-prone due to both slow sensor recovery times
and baseline drifts.
For instance, NO2 thresholds are given by the EU im-
mission legislation Directive 2008 (Directive, 2008) or the
German air quality standards (BImSchV, 2010) as an annual
meanvalueof40µgm−3,aone-hourvalueof200µgm−3 that
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should not be exceeded more than 18 times per calendar year,
and an alert limit of 400µgm−3 measured over three con-
secutive periods of one hour each. For comparison, the one
hour limit of 200µgm−3 NO2 corresponds to a concentration
of 0.1ppm. In order to detect such small integrated concen-
tration values by conventional semiconducting gas sensors
with the required accuracy, complex procedures like contin-
uous switching between clean air and analyte are required
(Schütze et al., 1995).
Solid-statedosimeter-typegassensingprinciplescomprise
a promising method for overcoming the above-mentioned
drawbacks. Like passive samplers, solid-state gas sensors
working in the accumulating mode are adequate devices for
the reliable detection of lowest pollution levels (Seethapathy
et al., 2008) because the dosimeter principle eludes several
problems of a conventional gas sensor (Yamazoe and Shima-
noe, 2007).
There are various publications on sensing devices men-
tioning an “irreversible reaction” or a very slow recovery
time, not recognizing the beneﬁts of this sensor behavior
that diﬀers from conventional gas sensors. The intention of
this overview is to show exemplarily research papers that ob-
served accumulating, integrating or irreversible gas-sensing
properties. Sensor responses that do not recover in the ab-
sence of analyte under sorption conditions are denoted as
“irreversible” in the following, even if the samples can be
regenerated under modiﬁed operation conditions. It is a fur-
ther aim of this study to elucidate the sensing principle and
some special operation modes that allow a direct readout of
the concentration as well as an accumulated concentration
value at the same time and a plausibility check during regen-
eration.
This overview lists the diﬀerent dosimeter-type gas sens-
ing principles using the change of the electrical properties
of the gas-sensitive material as the measurand. The focus
of this overview is on conductometric integrating gas sen-
sors but there are also optical (mostly organic dye-based
coloration reactions) (Dasgupta et al., 1998; Tanaka et al.,
1998, 1999; Sasaki et al., 2001; Maruo, 2007; Maruo et al.,
2009; Small et al., 2009; Bhalla et al., 2010), SAW (Martin et
al., 1996; Nieuwenhuizen and Harteveld, 1997), ﬁeld-eﬀect
transistors (FET) (Andringa et al., 2012; Klug et al., 2013),
quartz microbalance (QMB) (Matsuguchi et al., 2005; Jung
et al., 2009), and passive sampling (Roadman et al., 2003;
Varshney and Singh, 2003; Seethapathy et al., 2008) devices
that are able to detect very low gas concentrations in the ppb
range.
This article reviews the basic working principles of con-
ductometric solid-state gas dosimeters (Sect. 2). It consid-
ers the direct amount determination and the indirect concen-
tration determination, inﬂuencing factors, and compares gas
dosimeters with classical gas sensors. Certain basic examples
for sensing devices using the dosimeter-type sensing princi-
ple are shown in Sect. 3. Section 4 describes modiﬁcations
regarding the dosimeter setup and the operation modes. Fur-
thermore, suitable or already applied materials are listed in
Sect. 5.
2 Basic working principle of a solid-state gas
dosimeter
The basic working principle of gas dosimeters relies on the
accumulation of analyte gas molecules in the sensitive layer
of the detecting device and the concomitant accumulation
level dependent change of the electrical properties. The ir-
reversible, selective, and progressive analyte sorption result-
ing in analyte accumulation can be caused by strong analyte
sorption or a chemical reaction between the analyte and the
receptor. Hence, gas dosimeters working in the accumula-
tion mode (Yamazoe and Shimanoe, 2007) are often also de-
noted as “integrating” or “accumulating” sensors (Tanaka et
al., 1999; Maruo 2007; Shu et al., 2010; Geupel et al., 2010;
Groß et al., 2012b). For the explanation of the accumulating
sensing principle, a planar setup consisting of an insulating
support with electrodes, e.g., interdigitated electrodes, cov-
ered with a sensitive layer, was chosen. This setup makes it
possible to measure the conductance of the sensor layer.
2.1 Direct amount and indirect concentration detection
The beneﬁt of the dosimeter-type sensing behavior is the di-
rect determination of the dose of the analyte gas species or
the mean concentration in a deﬁned period of time without
the need for a mathematical integration of the sensor signal.
In the case of a constant gas ﬂow rate, the analyte dose as the
measurand can be given in a simpliﬁed manner as the ana-
lyte amount or cumulated exposure Ac, calculated according
to Eq. (1) as the time integral of the analyte concentration
c(t) with the starting point of the sorption interval t0:
Ac =
t Z
t0
c(t)dt. (1)
Ac is often given in the unitppms, which can be converted to
µL or µmol if accounting for the applied gas ﬂow rate.
The determination of the amount Ac as the measurand of
the gas dosimeter is in accordance with national or inter-
national environmental immission or emission regulations,
given, for instance, as mean time values, like the annual or
1h limit.
Similar to passive samplers, the operation of dosimeter-
type gas sensors with an analyte sorbent as sensitive mate-
rial can be divided into two alternating periods: the sensing
or analyte sorption interval and the regeneration or analyte
release step. The fundamental operation principle of an ac-
cumulating gas sensor is depicted schematically in Fig. 1.
Under sorption conditions, the analyte gas is sorbed “irre-
versibly” by the sensitive sensor layer since the sorption rate
is enhanced compared to the desorption rate, provoking the
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Figure 1. Scheme of the operation principle of a dosimeter-type gas
sensing device with a sensitive layer as an adsorbent: (a) alternation
of analyte accumulation in the sorption period (blue) and analyte re-
lease upon regeneration (green), (b) sensor response |SR| during the
analyte accumulation (blue) and during the short-term regeneration
period (green).
change of at least one material property due to analyte ac-
cumulation. In a short regeneration step under deﬁned con-
ditions, the formerly sorbed analyte molecules are released
from the sorbent and the sorption capacity is recovered. De-
pendent on the interaction between the sorbent and the an-
alyte, diﬀerent regeneration procedures are eﬀective to re-
cover the sorption capacity as well as the sensor signal.
They include thermal decomposition at elevated tempera-
tures (Katayama et al., 2004; Helwig et al., 2008; Kubinski
and Visser, 2008; Brunet et al., 2008; Shu et al., 2010; Bran-
denburg et al., 2013; Groß et al., 2013a), chemical reactions,
e.g., by a changed gas atmosphere (Helwig et al., 2007, 2008;
Großetal.,2012a)oroptical-induceddesorption,e.g.,byUV
light (Li et al., 2003; Helwig et al., 2008).
As sketched in Fig. 1b, the absolute value of the
accumulation-level dependent physical property that is mon-
itored and evaluated as sensor response, |SR|, increases dur-
ing the sorption period and recovers during regeneration. “...
the sensor is designed to provide an output that intrinsically
depends on the history of the input quantities” (Angelini et
al., 2009) and therefore the sensor response correlates with
the cumulated exposure. Hence, the electrical detection of
the analyte might occur either during the sorption or dur-
ing the release period (Kubinski and Visser, 2008; Groß et
al., 2013a). In the literature, this change in the accumulation-
level is detected mainly optically (Tanaka et al., 1999; Sasaki
et al., 2001; Maruo, 2007) or gravimetrically (Matsuguchi et
al., 2005). Recently impedimetric approaches have emerged
(Varghese et al., 2001; Mattoli et al., 2007; Helwig et al.,
2008; Geupel et al., 2010; Shu et al., 2010; Hennemann et
al., 2012a; Groß et al., 2012c). Regeneration has to be initi-
atedifsaturationeﬀectslimitthesorptionrateofthesensitive
layer or if the sensing characteristic is deteriorated.
The dosimeter-type sensing properties are often demon-
strated in two diﬀerent ways, but always at a constant gas
ﬂow: ﬁrst, by looking at the signal change as a function of
the exposure duration at a constant analyte concentration; or
secondly, by plotting the concentration-related characteris-
tic line of the measured data after speciﬁc exposure dura-
tion. However, more information on the accumulating sens-
ing properties is obtained by a repeated exposure to pulses of
analyte gas with a deﬁned concentration and duration.
A more detailed analysis of the ideal sensor response of a
gas dosimeter with a linear sensing characteristic during the
analyte sorption at a constant gas velocity is shown in Fig. 2.
Like the cumulated amount, Ac, being the time integral of
the concentration according to Eq. (1), the absolute value of
the sensor response, |SR|, in Fig. 2a increases in the presence
of the analyte gas. Thereby, the slope of the time-dependent
sensor response reﬂects the sorption rate and correlates with
the actual analyte concentration c(t) (Dasgupta et al., 1998;
Sasaki et al., 2001; Reyes et al., 2006; Shu et al., 2010; Groß
et al., 2012a; Mukherjee et al., 2012). In the absence of the
analyte, i.e., if c = 0ppm, no signal recovery occurs, the sen-
sor response remains constant and the response change due
to the analyte is irreversible (Nieuwenhuizen and Harteveld,
1997). The course of |SR| in Fig. 2a indicates progressive
analyte accumulation in the sensitive layer. Ideally, the sen-
sor response |SR| depends linearly on the analyte amount, Ac
(Fig. 2b). When the characteristic line becomes nonlinear,
the sensitive layer needs to be regenerated. The amount sen-
sitivity S A is deﬁned as the slope of the characteristic line in
the linear measurement range.
In consequence of the concentration-dependent slope of
the sensor response, the course of the current analyte concen-
tration over time can be determined by the time derivative of
the sensor response |dSR/dt|, as shown on the timescale in
Fig. 2c. The corresponding concentration-related character-
istic line with the concentration sensitivity S c is depicted in
Fig. 2d. Instead of the equilibrated state, in the case of gas
dosimeters, the sensor response change is evaluated.
Figure 2 clariﬁes that with gas dosimeters two pieces of in-
formation can be obtained from just one sensitive device: the
sensor response correlates directly and without mathemati-
cal signal operations with the cumulated analyte exposure,
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Figure 2. Dual-mode functionality of gas dosimeters: (a) correla-
tion between the analyte amount Ac and the sensor response |SR|
and (b) associated amount-related characteristic line, (c) correlation
between the time-dependent analyte concentration c(t) and the time
derivative of the signal |dSR/dt| and (d) associated concentration-
related characteristic line.
and the current course of the analyte concentration can be
determined indirectly from the signal derivative. For an ideal
dosimeter, the material acts as an integrator and the deriva-
tive reﬂects the actual concentration. This is in contrast to an
ideal classical gas sensor, which determines the actual con-
centration but the dose has to be obtained by integration.
The accumulating sensing principle is well suited for the
long-term detection of very low analyte concentrations. By
the chemical accumulation of the analyte molecules in the
sensitive sorbent, the dosimeter “counts” every gas molecule
that reaches the sensitive layer and causes a change of the
physical properties of the material. This chemical integra-
tionincreasestheaccuracyoftheamountdeterminationcom-
pared to conventional concentration detecting gas sensors.
There, the determination of the average concentration val-
ues or the cumulated exposure by mathematical integration
of the concentration-related sensor response is error-prone in
the case of very low gas concentrations due to slow sensor
kinetics, zero-point drifts and nonlinearities in the measure-
ment range (Corcoran and Shurmer, 1994).
As described above, periodic regeneration recovers the
sorption capacity of the sensitive layer as well as the sensor
response. Concerning the observed saturation of gas dosime-
ters, e.g., in Geupel et al. (2010), it needs to be distinguished
whether those eﬀects originate from the limited number of
sorption sites in the analyte sensitive material or from a non-
linear correlation between the sensor response and the ana-
lyte loading level.
2.2 Inﬂuencing factors
Similar to passive samplers, diﬀerent sensor setup parame-
ters and measurement conditions inﬂuencing the dosimeter-
type gas sensing properties are reported in the literature and
will be summarized and discussed.
Like conventional sensors, gas dosimeters may show cross
sensitivities to other gases if those interact with the sensi-
tive layer. They might restrict or promote the analyte sorp-
tionprocess,whichwouldaﬀecttheanalytesensitivity.Addi-
tionally, the sensor response might change reversibly (Vargh-
ese et al., 2001) or irreversibly due to other gas components
dependent on the strength of interaction with the receptor.
For instance, the dosimeter-type NOx sensing properties of a
carbonate-based sensitive layer were found to be aﬀected by
SO2 in two ways: the competition between SO2 and NOx for
the sorption sites lowers the NOx sensitivity as well as the
measurement range. Furthermore, the conductivity is irre-
versibly aﬀected by sulfate formation, enabling SO2 dosime-
try (Groß et al., 2012d).
The analyte sorption properties of the sensitive material
are also inﬂuenced by the operation temperature. Due to ki-
netic limitations, the sorption rate diminishes at lower tem-
peratures; however, the strength of the analyte receptor inter-
action increases, resulting in accumulating properties due to
a reduced desorption rate. With increasing temperature, an-
alyte sorption occurs faster and the sensitivity is enlarged.
However, since the sorption capacity is reduced and the
strength of interaction is weakened, the sensitive layer tends
to release formerly sorbed analyte molecules. Hence, higher
temperatures increase the sensitivity of gas dosimeters but
reduce the linear measurement range (Groß et al., 2012a).
While the equilibrated sensor response is monitored with
conventional sensors as a measure of the analyte concen-
tration, the progressive change of the material properties of
gas dosimeters during analyte sorption serves as the mea-
sure of the cumulated amount. Hence, for the accumulating
properties of the gas dosimeter it is very important that the
chemical equilibrium is strongly shifted to the product side.
Since the chemical equilibrium is strongly aﬀected by tem-
perature, it is possible that the same sensitive device can act
like a gas dosimeter at low temperatures, while at higher
temperatures it shows the typical concentration-related gas
sensor behavior (Reyes et al., 2006; Shu et al., 2010; An-
dringa et al., 2012). Brandenburg et al., 2013 demonstrate
this temperature-dependent behavior for a sensitive layer of a
carbonate-based NOx storage material. The sensor shown in
Fig. 3 acts as an accumulating-type gas sensor up to 450 ◦C,
whereas the enhanced NOx desorption rate in the absence of
analyte deteriorates the sensor response at 550 ◦C. At 650 ◦C,
response and recovery of the sensor signal to pulses of NOx
are very fast and the sensor behaves like a concentration de-
tecting device (Fig. 3c) (Brandenburg et al., 2013).
Another inﬂuencing factor is the thickness of the sensitive
layer being related to the sorption capacity (Nieuwenhuizen
and Harteveld, 1997; Shu et al., 2011). Groß et al. demon-
strated the dependency of the dosimeter-type NOx sensing
properties on the thickness of the carbonate-based sorbent.
Since nitrates form mainly at the surface of the sorbent, the
sensitivity of the NOx accumulating sensor decreases with
a growing layer thickness as the linear measurement range
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Figure 3. Temperature-dependence of the gas sensing behavior of
a carbonate-based NOx storage material for NOx sensing purposes:
(a) dosed NOx (NO or NO2) concentration, (b) sensor response
|∆R|/R0 = |SR| for diﬀerent temperatures and (c) sensor response
at 650 ◦C. Please note the diﬀerent scale of the y axes in (b) and
(c). Reprinted from Brandenburg et al. (2013), with permission of
Elsevier.
increases (Groß et al., 2012b). Additionally, the sensor re-
sponse time concerning the concentration detecting proper-
ties was found to increase with the layer thickness.
Similarly, it is expected that the analyte uptake can be in-
ﬂuenced by the sensitive surface area and hence the porosity
of the sorbent.
As will be discussed in detail in Sect. 4, the setup-
dependent gas velocity across the sensitive material was
found to aﬀect the analyte sorption (Beulertz et al., 2011,
2012).
Themaincharacteristicsoftheclassicalandthedosimeter-
type sensing principle – particularly for low level detection –
are brieﬂy compared in Fig. 4.
Some further advantages of the dosimeter-type sensor
principle should be mentioned here. The long-term zero drift,
being a drawback of conventional gas sensors, is avoided by
redeﬁning the zero level at the end of each regeneration pe-
riod.
While the sensors’ response and recovery times, deﬁned as
the time span to reach the equilibrated states, are critical pa-
rameters for classical gas sensors, in the case of gas dosime-
ters the sensor signal change due to analyte accumulation is
analyzed. Since the actual concentration value is given by the
derivative, the sensor response is very fast.
It should also be mentioned that the measurement range
and the sensitivity of the gas dosimeter can be adjusted dur-
ing operation by varying the working temperature.
Figure 4. Comparison of the main features of a gas dosimeter for
the long-term low-level analyte detection with the properties of a
conventional gas sensor.
3 Examples for conductometric gas dosimeters
In the following, some work on conductometric or
impedancemetric sensors working in the accumulation mode
for diﬀerent analytes and with various sensitive materials are
discussed exemplarily.
Shu and colleagues presented a resistive NO2 sensor based
on iron (II) phthalocyanine that is operated at room tempera-
ture (Shu, 2010; Shu et al., 2010, 2011). Figure 5 depicts the
courseofthemeasuredresistanceRduringcyclicexposureto
NO2 for 30 min in concentrations of 0.5, 1, and 2ppm. The
total ﬂow rates were 0.95, 0.43, and 0.25Lmin−1, respec-
tively. For all applied concentrations, the typical curve shape
of a dosimeter-type gas sensor signal is observed. While dos-
ing NO2 in N2 with a constant concentration, the resistance
decreases with a steady slope and remains at its level dur-
ing the intermediate N2 phases, resulting in plateaus in the
response course. Unfortunately, the eﬀect of NO2 is rela-
tively low (R/R0 ≈ 1 to 0.88) and the characteristic line is
not linear. The regeneration of this NO2 chemo-dosimeter is
achieved thermally. The inﬂuence of the temperature was in-
vestigated in the range from −46 ◦C to 71 ◦C. For the diﬀer-
ence of ∼50 ◦C the resistance decreases approximately one
order of magnitude. With increased temperature the desorp-
tion eﬀects increase. Regarding the long-term stability, an in-
crease of the conductivity during storage in air due to the ad-
sorption of H2O and O2, an eﬀect which is known for metal
containing phthalocyanines, can be observed (Shu, 2010).
Helwig et al. realized a dosimeter-like p-type conducto-
metric gas sensor with a hydrogenated diamond (HD) as pH
sensitive material for NO2 and NH3 as analytes (Beer et al.,
2013; Helwig et al., 2013). Figure 6 compares the resistance
changes of the HD-sample to those of a conventional metal
oxide (MOX)-based device in dry synthetic air. Due to the
electrolytic dissociation of the gases in the sensitive layer,
the resistance at room temperature decreases stepwise in the
presence of NO2 pulses (Fig. 6a, red line) and increases in
the NH3-containing atmosphere (Fig. 6b, red line). For both
analytes, the sensitive hydrogenated diamond device works
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Figure 5. Course of the resistance R of iron(II)phthalocyanine in
the presence of diﬀerent NO2 concentrations at room temperature.
Adapted from Shu et al. (2010); reprinted with permission from El-
sevier.
like an integrator-like gas sensor, whereas the signal of the
metal oxide-based gas sensor (black line) shows the expected
behavior of a conventional concentration related gas sensor.
The recovery times of the dosimeter can be enhanced by a
temperature increase, or by ozone or UV light. Figure 6c
shows the reset of the sensor response after exposure to NH3
in diﬀerent concentrations by a short O3 pulse after each am-
monia phase, causing the oxidation of NH3 at the sensor sur-
face at room temperature (Helwig et al., 2008).
In another example, a lean NOx-trap material known from
automotive NOx storage catalysts was applied as the NOx
sensitive layer (Geupel et al., 2010, 2011). At 380 ◦C, the
carbonate-based material accumulates NO and NO2 chemi-
cally by forming nitrates. Due to nitrate formation, the re-
sistance decreases, enabling total NOx dosimetry. Figure 7
demonstrates the suitability of the carbonate-based dosime-
ter for the long-term detection of NO2 even in the sub-ppm
range. The sensor response |SR| = |∆R|/R0 in Fig. 7a fol-
lows the characteristic behavior of an accumulating gas sen-
sor during cyclic exposure to 0.2 to 2ppm NO2 in steps
of 75s over 50 min. |∆R|/R0 completely overlaps with the
normalized time integral of the concentration, ∫ cNO2(t)dt
(with cNO2(t) calculated from mass ﬂow controller output
data), which is shown in green as a reference for the course
of the cumulated amount. The corresponding characteristic
line gives a linear correlation between the sensor response
|∆R|/R0 and the analyte amount ANO2 (Fig. 7b). Due to this
linearity, the time derivative of the resistance |dR/dt| reﬂects
the course of the NO2 concentration, as shown in Fig. 7c.
In accordance with the European air quality standards limit
of 200µgm−3 NO2 (≈0.1ppm) and the applied ﬂow rate of
2Lmin−1, this hourly threshold of about 360ppms could be
monitored for at least 3.7h with the sensitivity of the NOx
dosimeter shown in Fig. 7b, whereas it is even 18.5h for the
annual value of 40µgm−3. Besides the sensitivity, the lin-
ear measurement range of the presented sensor was found to
be aﬀected by temperature (Geupel et al., 2011) as well as
by the thickness (Groß et al., 2012b) of the sensitive layer.
The linear range always ends at a sensor response change of
about 30 to 40%. Regeneration is achieved by increasing the
temperature to 650 ◦C (Groß et al., 2013a) or switching to
reducing gas atmospheres (Geupel et al., 2010).
Further examples for resistive-type gas dosimeters will be
given in the next sections with the focus on modiﬁcations
of the gas dosimeter setup and with special respect to the
operation mode as well as to suitable sorbent materials.
4 Modiﬁcations of the dosimeter principle
Several conductometric sensors relying on the accumulating
detection principle are reported. In this section, examples for
modiﬁcations of the above-described dosimeter-type sens-
ing principle are summarized. First of all, diﬀerent conﬁg-
urations of the sensor setup and the associated inﬂuencing
factors are described before discussing alternative operation
modes.
4.1 Dosimeter setup conﬁgurations
The access of the analyte molecules to the sensitive layer,
impacting the sensing properties particularly in the case of
gas velocity ﬂuctuations, can be varied by the gas dosimeter
setup. Equation (1) deﬁnes the concentration-related amount
of analyte Ac in the gas phase as the time integral of the con-
centration. However, for ﬂuctuating ﬂow rates, the analyte
dose is better reﬂected by the volume-related amount AV as
the time integral of the concentration and the gas ﬂow rate
˙ V(t) according to Eq. (2):
AV =
t Z
t0
c(t)· ˙ V(t)dt. (2)
If ˙ V(t)denotesavolumeﬂow([˙ V(t)]=m3 s−1),theunitof AV
is m3 (or here µL). If, however, ˙ V(t) is a molar ﬂow ([˙ V(t)] =
mols−1), then the unit of AV is mol, i.e., [AV] = mol. Hence,
the sensor signal of real amount-integrating gas dosimeters is
expected to depend on the gas velocity. Otherwise the sensi-
tive device works as a concentration integrator, allowing for
concentration information by analyzing the signal derivative
(Sect. 2.1).
Beulertz et al. (2011) investigated the inﬂuence of the
ﬂow rate on the sensor response of a carbonate-based NOx
dosimeter. Figure 8a depicts the time course of the sen-
sor response |SR| = |∆R|/R0 of the NOx dosimeter in the
planar sensor setup at various ﬂow rates. Exposed to the
same analyte concentration proﬁle, the sensor response of
the planar sensor with a sensitive area of 42mm2 placed in
a quartz tube with an inner diameter of 9.2mm increases
– but independently of the gas ﬂow rate, ranging from 200
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Figure 6. Dosimeter-like response of a hydrogenated diamond (HD) sensor at room temperature acting as pH sensor towards a sequence of
(a) NO2 and (b) NH3 pulses in dry synthetic air and the eﬀect of humidity. Adapted from Helwig et al. (2013); reprinted with permission from
Elsevier. (c) Response of a hydrogenated diamond sample in synthetic air (80% N2 /20% O2) towards pulses of NH3 and the O3-induced
reset of the sensor surface by NH3 oxidation. Modiﬁed after Helwig et al. (2008); reprinted with permission from Elsevier.
Figure 7. Suitability for the long-term low-level NO2 detection of
a planar sensor with a carbonate-based LNT-material in lean atmo-
sphere at 350 ◦C: (a) sensor response |SR| = |∆R|/R0 in 0.2 to 2ppm
NO2 for 75 s each, (b) linear correlation of |SR| = |∆R|/R0 and the
total NO2 amount ANO2, and (c) time derivative of the resistance
|dR/dt| follows the course of the NO2 concentration. Adapted from
Groß et al. (2012a), with permission of the authors.
to 400mLmin−1. The corresponding characteristic lines in
Fig. 8b, correlating the sensor response with the volume-
related amount AV (here denoted as ANO), reveal that for the
same total amount of NO in the gas stream, the sensor re-
sponse |SR| = |∆R|/R0 diﬀers for the applied gas ﬂow rates.
Thisimpliesthataplanargasdosimetermeasurestheintegral
of the concentration Ac independently of the gas ﬂow rate,
according to Eq. (1), and not the real, gas velocity-dependent
amount of the analyte gas, AV, according to Eq. (2). This be-
havior can be explained by the fact that the gas velocity is
very high and that only a small fraction of the gas stream
passing the setup reaches the sensitive layer to be accumu-
lated. In the investigated ﬂow rate range, the analyte con-
centration near the sensitive layer is always constant and un-
aﬀected by the sorption capability of the sensitive material,
resulting in same sensor responses independent of the gas
velocity.
For further investigations on the NOx dosimeter, a ﬂow-
through channel-type sensor, as sketched in Fig. 9a, was de-
veloped in order to obtain full analyte storage (Beulertz et
al., 2012; Moos et al., 2012). Due to the use of two sen-
sitive layers with bigger sensitive areas of 126mm2 (three-
fold longer compared to planar setup) with a small spacing
in between, the diﬀusion of the passing analyte molecules to
the sorption sites should be enhanced. The applied gas ﬂow
rate was adapted to the new geometry in such a way that the
gas velocities across the sensitive layers were the same as
in the planar setup. Hence, the measurements were carried
out at ﬂow rates of 30 to 60mLmin−1. All these modiﬁca-
tions yielded a residence time of 151ms, a value which is in
the same order of magnitude as in the small channels of an
automotive lean NOx catalyst, in which one can observe a
full storage without NOx slip. A second channel-type sensor
was located downstream of the ﬁrst dosimeter to detect the
NOx slip. The sensor responses |SR| of the two channel-type
sensors upon various NO concentrations and for the diﬀer-
ent ﬂow rates are summarized in Fig. 8c. The response of
the downstream sensor (“second sensor”) remains zero for
all runs. This indicates that for all applied ﬂow rates, NO is
completely sorbed by the sensitive layer of the ﬁrst channel-
type dosimeter. Comparing the sensor responses of the ﬁrst
sensor, a clear dependence of the sensor response on the gas
ﬂow rate for this channel-type setup appears. The higher the
gas ﬂow rate and, consequently, the higher the total exposed
NO dose is, the higher is the sensor response. The character-
istic lines demonstrate that in fact the same volume-related
amount of analyte gas in the gas stream causes the same sen-
sor response change. The sensitivity is independent of the gas
velocity (in Fig. 8d, AV denoted as ANO). Hence, the channel-
type sensor setup can be used to establish a real amount in-
tegrating gas sensor, whereas the simple planar setup serves
as concentration integrator with the beneﬁt of a correlation
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Figure 8. (a) and (b) Sensor response |SR| = |∆R|/R0 of a planar NOx accumulating sensor at various gas ﬂow rates: (a) |SR| does not
depend on the ﬂow rates upon exposure towards 0 to 10ppm NO, (b) corresponding characteristic lines related to the ﬂow rate-dependent
total amount AV, here denoted as ANO. (c) and (d) Sensor response |SR| = |∆R|/R0 of a channel-type NOx accumulating senor at various
gas ﬂow rates: (c) course of |SR|in 0 to 20ppm NO for the diﬀerent ﬂow rates, (d) corresponding characteristic lines related to the ﬂow
rate-dependent total amount AV, here denoted as ANO. Slightly modiﬁed after Beulertz et al. (2012); reprinted with permission from Elsevier.
Figure 9. Scheme of setups of resistive gas dosimeters to obtain a ﬂow rate-dependent analyte sorption. (a) Channel-type sensor setup with
coated interdigital electrodes (IDE). Reprinted from Beulertz et al. (2011), with permission from Elsevier. (b) Tube-type LTCC transducer
with a buried heater and coated inner interdigital electrodes (IIDE). Reprinted from Brandenburg et al. (2013), with permission from Elsevier.
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between the sensor response derivative and the actual con-
centration. A typical application of a concentration integrat-
ing dosimeter might be in the ﬁeld of health protection for
working people or air quality monitoring where the sensing
device must be independent of the gas ﬂow rate, while the
amount integrating dosimeter is an appropriate tool in ex-
haust lines where the gas ﬂow rate changes rapidly.
In a further development, a tubular, low temperature co-
ﬁred (LTCC)-based NOx sensor setup with a buried heater
structure was established (Fig. 9b) (Kita et al., 2012). Due
to this rotational symmetric setup, the analyte can be sorbed
uniformly by a sensitive layer deposited onto the inner sur-
face of the tube. The enhanced interface between the gas
phase and the sorbent also enables integrating sensing prop-
erties with linear characteristics concerning the volume-
related amount. The buried heater structure allows a uniform
and adjustable temperature distribution in the sensitive layer
as well as periodic switching between the sorption and the
regeneration temperature (Brandenburg et al., 2013).
Another design of a gas dosimeter, similar to the setup of
passive sampling devices, was introduced by Mattoli et al.
(2007) for a mercury sensor with a gold layer as sorbent.
As shown in Fig. 10a, the sensitive layer is located inside
a sampling chamber closed by a ﬁlter material functioning
as diﬀusion barrier. To reach the sensitive sorbent layer, the
gas needs to diﬀuse through the ﬁlter, resulting in a gradi-
ent of the analyte concentration (here Hg) between zero at
the sorbent (acting as analyte sink) and the surrounding gas
concentration (Fig. 10b). Hence, the uptake of the analyte
in the sorbent is diﬀusion controlled, leading to an analyte
current that depends linearly on the analyte concentration in
the ambience. The independency of the analyte uptake on the
velocity of the passing gas stream results in concentration in-
tegrating properties of the sensing device. Upon exposure to
gaseous elemental Hg, the dosimeter changes its sensor sig-
nal irreversibly. With growing number of mercury injections,
the total amount of adsorbed Hg is concomitantly increased,
which is reﬂected by the sensor signal. With this sensor de-
sign, real-time monitoring of low levels of gaseous analyte
is possible with a small size, low weight and low cost device
applicable for personal safety.
Diﬀerent options for the arrangement of gas dosimeters in
gas pipes are possible to decrease the gas velocity across the
sensitive layer, for instance to place the sensing device in a
bypass with or without a gas pump to ensure a constant gas
stream (Moos et al., 2010).
4.2 Operation modes of gas dosimeters
As discussed, the proportionality between sensor signal and
cumulated analyte amount of linear gas dosimeters allows
for time-continuous direct dose detection during the sorp-
tion period and, depending on the setup, for concentration
information by analyzing the signal derivative. However, gas
dosimeters might also be operated in diﬀerent modes. Some
Figure 10. Gas dosimeter setup for a diﬀusion-controlled analyte
sorption: (a) cross-section of the dosimeter sampling chamber with
a ﬁlter acting as diﬀusion layer, (b) proﬁle of the resulting Hg con-
centration, and (c) top view of the sampling chamber. Reprinted
from Mattoli et al. (2007), with permission from Elsevier.
examples are described in the following. A summary con-
cludes this section.
As described above and depicted in Fig. 1b, the analyte
accumulation level of the sorbent is reﬂected by the elec-
trical properties during the sorption period as well as dur-
ing the subsequent analyte release in the regeneration in-
terval. Hence, the analysis of the sensor signal change dur-
ing the regeneration interval is another method for operat-
ing gas dosimeters. It was demonstrated on a potassium and
manganese containing NOx sensor that, after the sorption
period under sorption conditions, the change of the electri-
cal conductance during thermal decomposition of the for-
merly formed nitrates correlates with the preceding sorbed
analyte amount (Groß et al., 2013a). A schematic drawing
of this novel method is given in Fig. 11. Since it combines
electrical characterization of the sorbent with temperature
programmed desorption of the analyte, it is also denoted as
eTPD. Due to the heating from the sorption to the desorp-
tion temperature, the thermal activated conductance G of the
sensitive layer increases as well (Fig. 11b). Thereby, the con-
ductance of the material in the NOx loaded state, G, exceeds
those of the unloaded sample, G0. The thermal release of the
formerly sorbed analyte is indicated by a desorption peak
with the concentration creleased (measurable by an NOx an-
alyzer downstream of the sensor). Upon this thermal release,
the curve of the conductance of the sensitive layer in the
analyte-loaded state, G, converges to those in the unloaded
state, G0 (Fig. 11a). The monitored desorption peak and the
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Figure 11. Scheme of the electrical evaluation during thermal re-
generation (denoted as eTPD): (a) time dependence of the conduc-
tance G and the outlet analyte concentration creleased upon heating
from the sorption to the regeneration temperature, (b) determina-
tion of the released amount Areleased from the desorption peak and
the electrical response FG as deviation of G from the course of
the unloaded state, and (c) analysis of FG as a function of Areleased.
Reprinted from Groß et al. (2013a), with permission of the authors.
course of the conductance can be analyzed, as sketched in
Fig. 11b. The desorption peak gives information on the for-
merly sorbed analyte amount, being equal to the released
amount Areleased = ∫ creleaseddt if the regeneration is complete.
The deviation of the thermally activated conductance after
NOx loading, G, from the course in the unloaded state, G0
(Fig. 11b), was evaluated as sensor signal during the regen-
eration interval (Fig. 11c) and is deﬁned as FG according to
Eq. (3). Figure 11c depicts the dependency of the resulting
sensor signal, FG, and the released analyte amount, Areleased.
FG =
tend Z
tstart
[logG(t)−logG0(t)]dt. (3)
Figure 12 summarizes the results of an eTPD analysis
of the potassium and manganese containing NOx dosimeter
operated at a sorption temperature of 380 ◦C and heated to
650 ◦C for thermal regeneration. During both intervals, the
sensor was applied to a lean gas mixture of 2Lmin−1. To
achieve diﬀerent NOx loading levels, the sensor sample was
exposed to 8ppm NO or 8ppm NO2 for a duration tNOx,in be-
tween 0s and 1000s. The NOx loading level, evaluated as the
Figure 12. eTPD results of the potassium and manganese contain-
ing NOx dosimeter after exposure to 8ppm NO or NO2 for diﬀerent
NO2 exposure durations tNO2 up to 1000s: (a) linear increase of the
desorbed amount Areleased with tNO2; (b) course of the conductance,
G, in diﬀerent loading states upon heating; and (c) linear correla-
tion between Areleased and the electrical response, FG (deviation of
G from G0), during desorption. Reprinted from Groß et al. (2013a),
with permission of the authors.
releasedamount, Areleased (measuredbyachemiluminescence
detector), increases proportionally to the NOx exposure time,
tNO2,in, at the ﬁxed NOx concentration of 8ppm, indicating a
time-constant sorption rate (Fig. 12a). In Fig. 12b, the curves
oflogG duringheatingafterdiﬀerentNO2 exposureintervals
from 250 to 1000s are compared to those without NO2 dos-
ing (log G0, after 0s NO2). The temperature at which all the
curves meet, here about 620 ◦C, represents the end of the ni-
trate decomposition. Figure 12c clariﬁes that for NO or NO2
dosage,theelectricalresponse, FG (Eq.3),duringthermalre-
generationservesasanelectricalmeasurefortheformerNOx
loading level, since FG correlates with Areleased. Figure 12 re-
veals that, besides of the real-time and time-continuous de-
tection of the analyte dose during the sorption period, the
NOx loadingstateaswellasthecumulatedNOx exposurecan
also be determined electrically during the short-term thermal
release. In this operation mode, the gas dosimeter can be seen
as passive sampler with an internal sensor function to deter-
mine the sampled analyte dose electrically instead of apply-
ing an external subsequent gas analysis in the laboratory. By
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combining these two operation modes (measurement during
sorption and desorption), it is expected that the redundant
information enables a plausibility consideration of the time-
resolved sensor signal (Groß et al., 2013a).
Similarly, the NH3 loading level of zeolites being applied
for the selective catalytic reduction (SCR) of NOx was elec-
trically investigated during thermal NH3 release by Kubinski
et al. (2008) and the Simon group (Rodríguez-González et
al.,2008;Rodríguez-GonzálezandSimon,2010;Simonsand
Simon, 2011, 2012). Kubinski et al. (2008) described a linear
correlation between the average alternating current IAverage at
aconstantappliedACvoltage(5VP−P)atafrequencyof4Hz
during the thermal NH3 release and the duration of the pre-
vious NH3 exposure of an SCR catalyst-based conductivity
sensor (Fig. 13). For reaching a lowly loaded state, the sensor
was exposed to a constant NH3 concentration, as indicated in
a base gas atmosphere of 5% O2 and ∼1% H2O in N2 for
time durations from 0 to 40 min. Measuring IAverage during
thermal NH3 release enables the in situ monitoring of the
former NH3 loading level with a higher sensitivity compared
to those in the sorption mode.
A similar example for the investigation of the electrical
properties during release of a chemisorbed gas species was
the work of Rossé et al, 1984. They found that a CdSe thin
ﬁlm irreversibly sorbs oxygen and can be thermally regener-
ated, causing a measurable change in the resistance.
The diﬀerent operation modes of gas dosimeters are sum-
marized in Fig. 14. As discussed in detail, the cumulated an-
alyte exposure as well as the analyte loading level of the sen-
sitive material can be electrically detected either during sorp-
tion (including concentration information from the deriva-
tive) (Fig. 14a) or regeneration (Fig. 14b). Due to the corre-
lation between the analyte amount and the sensor signal, it is
possible to determine the mean analyte concentration also by
the time ∆tspec that is needed to reach a deﬁned loading state
of the sensor, indicated by a speciﬁc signal change |SR|spec
(Fig. 14c). For instance, the frequency of regeneration might
serve as a measure for the analyte concentration. Due to a
limited linear measurement range, the regeneration needs to
be initiated at a predeﬁned sensor signal before the signal
saturates. Further, the time to reach a percolation threshold,
tperc, indicated by a steep increase or decrease in the conduc-
tivity of the percolation dominated dosimeter, may serve as
the measure for the mean concentration (Fig. 14d). For both
time-measuring modes, no instantaneous information on the
cumulated exposure or the actual concentration is obtained.
4.3 Gas dosimeters based on percolation effects
Percolation eﬀects (Ulrich et al., 2004) may modify the sens-
ing characteristics of gas dosimeters, as investigated and de-
scribed in detail for soot sensors being similar to gas sensors.
Several soot sensors for diesel particulate ﬁlters consisting
of an insulating substrate with electrodes on top have been
reported (Ochs et al., 2010; Weigl et al., 2010; Hagen et al.,
Figure 13. Average current IAverage during heating up to 520 ◦C for
thermal regeneration of a zeolite-based NH3 sensor depending on
the NH3 loading time, tNH3loading. The SCR catalyst material was
loaded at a temperature of ∼267 ◦C in a gas stream composed of
5% O2 and ∼1% H2O in N2 containing NH3, as indicated for 0 to
40 min. Adapted from Kubinski and Visser (2008); reprinted with
permission from Elsevier.
2010; Kondo et al., 2011; Husted et al., 2012; Bartscherer
and Moos, 2013). The resistance between these electrodes is
analyzed. It serves as a measure for accumulated soot parti-
clesonaninsulatingsupport.Figure15schematicallydepicts
the formation of conductive pathways for the soot sensing
device in its diﬀerent states of soot loading. The soot depo-
sition is driven by electrophoresis due to the applied voltage,
U. Soot paths start to grow at the electrodes. From Fig. 15a to
d, the amount of deposited conductive soot particles on the
substrate surface between the electrodes increases. For the
unloaded and lowly soot loaded state, almost no current, I,
ﬂows and the resistance between the electrodes, R, is almost
inﬁnite (R → ∞). The sensor remains blind until the percola-
tion threshold is reached after an exposure time of tperc. Then,
the formed conducting paths cause a fast decrease of the re-
sistance (R<∞). Further soot accumulation leads to an addi-
tional current increase or resistance decrease (R ↓). An addi-
tional low-conducting layer on top of the electrodes made of
a resistive paste may reduce the sensor blind time. Owing to
the low conductivity of the added layer, the soot amount can
be detected in the accumulation mode without percolation
eﬀects (Bartscherer and Moos, 2013). The actual soot con-
centration can be determined from the percolation time tperc
(time to reach a certain value of I) (Ochs et al., 2010) or from
the slope dI /dt (Weigl et al., 2010). As soon as a predeﬁned
current is reached, the sensor device is heated, the soot burns
oﬀ, and after cooling to operation temperature, the regenera-
tion is completed and a new accumulation period starts.
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Figure 14. Scheme of the diﬀerent operation modes of gas dosimeters: consideration of the loading level-dependent sensor signal during (a)
analyte sorption and (b) analyte desorption and of the period of time to reach a deﬁned loading state indicated by (c) a speciﬁc sensor signal
like the end of the linear measurement range, or, e.g., (d) the percolation threshold.
Figure 15. Scheme of percolation-dominated resistive soot detec-
tion with planar electrodes on an insulating substrate: (a) regener-
ated soot sensor with an inﬁnite resistance R, (b) sensor covered
by a few soot particles below the percolation threshold, (c) sensor
at point in time when the percolation threshold tperc is reached due
to a suﬃcient number of deposited particles forming a conductive
pathway with a speciﬁc resistance, and (d) more soot particles at the
surface, causing a further decrease of R.
Another example for dosimeter type gas sensors using per-
colation eﬀects is given by Hennemann et al. (2012b, c) and
Sauerwald et al. (2013). Applying CuO nanoﬁbers as H2S
sensitive materials, the change of conductance of the ﬁbers
upon pulsed H2S dosing is measured. When adsorbing H2S,
the conductance of the ﬁbers increases due to their transition
from CuO to CuS. However, as shown in Fig. 16a, the con-
ductance G does not change during the ﬁrst H2S pulses, but
after reaching the percolation threshold, a conductive path-
way of CuS in the CuO layer is formed and the conduc-
tance increases promptly. Beyond the percolation threshold,
the sensor behaves like a H2S integrating gas sensor. Never-
theless, saturation eﬀects deteriorate the sensor signal soon
after reaching the percolation threshold. If one plots the re-
ciprocal value of the percolation time tperc (deﬁned as the
time when the percolation threshold is reached, denoted as
“switching time” in the work of Hennemann et al., 2012a) as
a function of the H2S concentration, Fig. 16b implies a linear
dependency, demonstrating clearly that tperc decreases with
increased H2S concentration. Hence, a direct measurement
of the actual concentration and dose of H2S is not possible;
however, by the evaluation of the switching time the average
concentration and the total amount of H2S in a certain pe-
riod of time can be determined indirectly (Hennemann et al.,
2012a).
Similarly, the electrical properties of a Ni-based catalyst
pelletswereexaminedbyimpedancespectroscopyduringthe
exposure to H2S. Before sulfur poisoning, the conductance is
very low due to the high dispersion of the Ni particles in the
catalyst, i.e., the impedance is dominated by the permittiv-
ity of the pellet material. With the addition of H2S, nickel
sulﬁde forms. Due to the enhanced volume of the nickel
sulﬁdes compared to the Ni particles, the distance between
the conductive particles diminishes. Reaching the percola-
tion threshold, the conductance increases immediately due to
the formation of conductive pathways of nickel sulﬁdes, al-
lowing also dosimeter-type H2S detection (Fremerey et al.,
2012).
It should be clear, however, that accumulating percolation-
type gas sensors cannot display the instant value directly.
Since they act like switches if a certain accumulation level
has been reached, however, the time span between two per-
colation events can be seen as an indicator for the average
concentration between the two events.
5 Suitable materials for accumulating gas sensors
To ﬁnd adequate materials in gas dosimeter application, it is
necessary to deﬁne the required properties of these materi-
als. In general, the following ﬁve main criteria were found
to be crucial for the proper selection of materials as sensitive
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Figure 16. Percolation-dominated H2S detection with CuO nanoﬁbers at 160 ◦C: (a) conductance during consecutive 1ppm H2S pulses for
1 min each with a sudden increase of the conductance as the percolation threshold is reached, denoted as switching time, (b) correlation
between the reciprocal switching time and the H2S concentration. Modiﬁed after Hennemann et al. (2012a); reprinted with permission from
John Wiley and Sons.
components of gas dosimeters with a linear sensing charac-
teristic (Groß et al., 2012a).
1. Selective sorption of the analyte: only one distinct gas
species should accumulate in the sensitive layer, e.g., by
chemisorption, including the chemical transformation
of the material. To obtain linear sensing characteristics,
the sorption rate should be proportional to the current
analyte concentration in the gas phase.
2. Strength of sorption: the analyte sorption rate has to ex-
ceed largely the desorption rate to ensure accumulation
of analyte molecules in the sensitive material without
releasing formerly sorbed molecules in the absence of
the analyte in the gas atmosphere (i.e., holding capabil-
ity).
3. At least one measurable electrical property must change
with analyte accumulation, e.g., the impedance or the
conductivity. The relation between the analyte loading
level and the change of the electrical measurand has to
be linear.
4. The sorption rate must be independent of the present
analyte loading level of the sensitive layer so that no
deterioration of the sorption eﬃciency with time occurs.
5. Ability to actively initiate a regeneration: the sensitive
material must be able to release the formerly sorbed
analyte molecules from the storage sites under deﬁned
conditions that are diﬀerent from the sorption condi-
tions (e.g., diﬀerent temperature or gas composition). If
there is no possibility to regenerate the storage material,
the sensor is a single-use device.
Conductometric gas sensors using the accumulating sensing
principle have been reported by several working groups for
various analytes and sensitive materials (Sect. 3). The ap-
plied materials range from organic semiconductors to metal
oxides, zeolites and carbon nanotubes. In the following an
overview on the materials is given.
Suitable materials for the accumulation sensing mode are
materials that have been successfully applied as storage com-
ponents, for instance in ﬁlters or catalysts, e.g., lean NOx
traps or selective catalytic reduction (SCR) materials stor-
ing NH3. Geupel et al. (2011) applied NOx storage catalysts
based on alkaline (earth) carbonates as coatings for NOx
dosimeter operated at temperatures in the range of 300 to
400 ◦C. However, BaCO3 serves also as a sulfur oxide ad-
sorbing layer on a gas sensor to protect it from sulfur poi-
soning (Rettig et al., 2003). The irreversible interaction of
SO2 with the NOx storage catalyst material causes a cross-
sensitivity of the NOx dosimeter but enables SO2 dosimetry
(Groß et al., 2012d). Zeolites, being a common class of ma-
terials in SCR catalysis due to their NH3 storage capability,
are also viable materials as sensitive layers working in the
accumulation mode. The gas sorption capacity of zeolites
is very high and, due to their special framework structure,
they hold a certain shape-selectivity. Upon gas sorption, zeo-
lite materials are able to change their conductivity (Stamires,
1962; Eigenmann et al., 2000; Sahner et al., 2008), making
them potential candidates for dosimeter-type sensors. An ex-
ample for the dosimeter-type conductivity change is proton
conducting H-ZSM-5 adsorbing NH3 (Simon et al., 1998;
Franke et al., 2003; Kubinski and Visser, 2008). Similar to
those microporous zeolites, mesoporous materials might also
be of interest, as they have been successfully applied as pre-
concentrators in gas sensors to enhance the sensitivity by an-
alyte accumulation in the porous material via sorption (Wag-
ner et al., 2013).
Metal oxides also show potential as sensitive layers of
gas dosimeters. Hennemann et al. (2012a) showed that CuO
is an appropriate material for the accumulative detection of
H2S being dominated by percolation eﬀects. The conductiv-
ity of NiO shows a similar behavior in H2S containing gas
atmosphere (Fremerey et al., 2012). Other (transition) metal
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oxides, yet to be applied as sensitive material in conven-
tional gas sensors, should be investigated concerning their
suitability as gas dosimeter under modiﬁed sensing condi-
tions that allow for irreversible analyte sorption, e.g., WO3
and Al-activated WO3 as H2S dosimeter at room temperature
(Reyes et al., 2006) and SnO2 as O2, H2O, and H2 dosime-
ter (Yamazoe et al., 1979). Mathieu et al., 2013, for exam-
ple, give a broad overview on the sorption of SO2 by vari-
ous oxides, e.g., CaO, TiO2, CeO2, MnO2 and mixed oxides,
meaning metal oxides in association with, e.g., Al2O3. They
also describe the regeneration of the metal oxides by thermal
decomposition of the metal sulfates (Mathieu et al., 2013).
With regard to the accumulating sensor principle, these ma-
terials hold a certain storage capacity, but it has to be clariﬁed
whether the SO2 accumulation causes measurably changing
electrical properties.
Another class of materials, providing a gas storage capac-
ity that can be monitored by the resistance, are metal oxide-
coated carbon nanotubes (Mangu et al., 2010). Varghese et
al. (2001) reported impedimetric gas sensors based on SiO2
coated multi-wall carbon nanotubes as sensitive layer, show-
ing the behavior of a conventional gas sensor towards H2O
(Varghese et al., 2001), O2 and CO2 (Ong et al., 2002), but
acting as a dosimeter in presence of NH3 (Varghese et al.,
2001;Ongetal.,2002).Single-walledcarbonnanotubeswith
SnO2 coatings were applied by Mubeen et al. (2013) as re-
sistive gas sensors. Their tests with several gases reveal the
classical gas sensor response; however the behavior towards
NO2 is dosimeter-like.
As already shown, hydrogenated diamond is a well-suited
material for the accumulating sensing method to detect NO2
and NH3 due to a pH change upon electrolytic analyte dis-
sociation in the surface electrolyte layer (Beer et al., 2013;
Helwig et al., 2013). The hydrogenated diamond-based sen-
sor can be regenerated thermally by O3 or UV light (Helwig
et al., 2007, 2008).
Conductive polymers have already been applied for gas
sensingapplications.BaiandShishowanoverviewondiﬀer-
ent polymers for gas detection. They described that some of
the conductive polymers show an irreversible reaction to cer-
tain gases, making them a notable class of materials for gas
dosimeters. However, it has to be kept in mind that polymers
often show a poor long-term stability (Bai and Shi, 2007; Liu
et al., 2012). The conductive polymeric system PEDOT:PSS
was applied as a gas sensitive layer by Liu et al. (2012), act-
ing as a classical gas sensor in the presence of NOx. How-
ever, initial tests of Marr et al. (2013) have shown that the
conductive copolymer PEDOT:PSS is also a promising ma-
terialforanaccumulatinggassensingdevice.Theirﬁrstmea-
surements at room temperature with NOx as test gas show a
dosimeter-type change of the resistance in presence of NOx.
Organic compounds also might be suitable materials for
the integrating sensing principle. A resistive low-level NO2
dosimeter based on iron (II) phthalocyanine was presented
by Shu et al. (2010). Padma et al. (2009) and Brunet et al.
(2001, 2008) reported a NO2 sensitivity of copper phthalo-
cyanine. The Saltzmann reagent was applied in optical sen-
sors for the detection of O3 and NO2 (Tanaka et al., 1998,
1999; Maruo, 2007; Maruo et al., 2009), morpholines for
NO2 sensing (Matsuguchi et al., 2005), eosin Y for NH3 de-
tection via the slope of the drain current of a based OFET
(Klug et al., 2013), and naphthyl polyenes to detect organic
vapors electrically (Sircar et al., 1983). Their suitability for
resistive gas dosimeters should be investigated.
Even metals can be applied as sensitive materials for gas
dosimeters: Mattoli et al. (2007) realized a sensing device
based on a Au layer for the resistive, cumulative detection of
gaseous Hg. Ag was found to be a suitable material for the
detection of H2S in the accumulation mode by Angelini et
al. (2009) and Chen et al. (2013).
Additionally, Mukherjee et al. (2012) summarizes gas sen-
sor materials interacting reversibly or partly irreversibly with
various gases.
As already mentioned in Sect. 2, the temperature strongly
inﬂuences the gas sensing behavior (Reyes et al., 2006; An-
dringa et al., 2012; Shu et al., 2012; Brandenburg et al.,
2013; Groß et al., 2013a). Since conventional gas sensors are
mostly based on metal oxides as sensitive layer and these
materials are known to be able to adsorb gases, e.g., SO2
(Mathieu et al., 2013), they might be suitable for applications
in a gas dosimeter under modiﬁed operation conditions. The
desorption of the analyte gas predominates at elevated tem-
peratures if the analyte concentration in the gas phase de-
creases. The sensor signal changes reversibly, according to
the established chemical equilibrium. Hence, the operation
of the sensitive materials of conventional gas sensors at lower
temperatures might reveal dosimeter-type sensing properties
with analyte accumulation due to a reduced desorption rate.
Similarly, BaCO3 acts as NOx dosimeter at low temperatures
(Groß et al., 2013b) but the recovery time after NOx sorption
can be reduced by increasing the temperature, resulting in a
reversible sensing characteristic (Tamaki et al., 1995).
6 Conclusion and outlook
The accumulating sensing principle of solid-state gas
dosimeters is a promising method in order to elude certain
drawbacks of classical metal oxide gas sensors. Dosimeter-
type gas sensors are well suited for the detection of harm-
ful, toxic gases. This is in accordance with the growing de-
mand for sensing devices that are able to detect lowest an-
alyte concentrations reliably, fast and over a long period of
time, particularly in the ﬁeld of air quality monitoring in
workplaces and urban environments. Acting similar to pas-
sive samplers, gas dosimeters are able to detect very low con-
centration levels of gaseous pollutants. However, the dosime-
ter oﬀers a real-time detection of the analyte dose, accord-
ing to mean time values in emission and immission legis-
lations. Due to the chemical accumulation of the analyte in
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the sensing material, the error-prone mathematical integra-
tion of the concentration-related sensor signal, as is neces-
sary in cases of conventional gas sensors to measure doses,
is not needed.
Being aﬀected by several inﬂuencing factors, the accumu-
lating sensing principle might be adapted to common gas
sensing materials under modiﬁed measurement conditions.
This overview shows a number of works applying and de-
scribing accumulating sensing behavior, but further inves-
tigations regarding the long-term stability of gas dosimeter
have to be conducted, especially when the regeneration step
is a thermal one. A comparison between classical gas sensors
and gas dosimeters lists the advantages and disadvantages
of both sensing principle. Nevertheless, diﬀerent principles
have to be tested under same conditions to compare them di-
rectly.
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